A horizontal co-current stratified two-phase flow was studied in a duct
Introduction
Horizontal co-current stratified two-phase flows with thin liquid layer are at the center of various industrial processes, such as the cooling of fusion reactors, boilers, condensers, or gas absorption/desorption. In all these applications, the variation of mean film thickness and the mixing due to interfacial waves are known to strongly affect heat and mass transfers. Therefore, the characteristics of the liquid film are crucial data in many industrial problems. Extensive research has been done about stratified flows in horizontal pipes [1] [2] [3] , in horizontal ducts of rectangular section with small dimensions (see for instance [4] ), and about liquid free down flows [5] . Few studies presented interface measurements where the influence of the side and top walls of the duct could be neglected, the liquid layer was around a millimeter, and the gas stream was in the turbulent regime. Nevertheless, this configuration is of particular interest because it allows to focus on interfacial phenomena without interference. Besides, a low dependency on the geometry of the channel is ideal for the validation of a CFD code.
The purpose of this paper is to provide experimental data of the interface fluctuations for a water film in a horizontal duct of rectangular section and wide dimensions. First, we present the two-phase flow channel of the TEMPO laboratory. Then we describe our non-intrusive measurement technique. This technique visualizes the instantaneous shape of the interface in a vertical plane, and measures its level via image processing. Its accuracy is controlled with smooth stratified flows for which the balance equations can be solved. Finally, various statistical and spectral characteristics of the interface are discussed.
Experiment

Experimental apparatus
A diagram of the apparatus set-up for the air-water stratified two-phase flow experiment is given in fig. 1 . The experiment was conducted in a horizontal channel with a rectangular section made of 20 mm thick transparent plexiglas planks. This channel was 3675 mm long and its internal dimensions were 200 mm wide and 140 mm high. At the inlet, the water injector was designed so that water came homogeneously and in smooth contact with air. After flowing through the channel, the water was stopped by a low fence and driven by gravity to a tank. A centrifugal pump was used to set water into motion in the open-loop circuit. The flow rate of the water was regulated by a manual valve and controlled visually with a rotameter. A 11 kW centrifugal fan controlled with a variable-frequency drive allowed to reach a streamwise velocity of 13 m/s. The experiment was conducted at near atmospheric pressure and room temperature.
In order to assess the quality of the flow, laser Doppler velocimetry was used in the test section for two different air velocities and without water. Streamwise velocity profiles were obtained in the midspan plane at 2462 mm from the inlet, they follow the universal profile of fully developed turbulent boundary layers. Besides, the top and bottom boundary layers are separated from each other, ensuring a limited influence of the top wall in the case of a co-current stratified two-phase flow with low holdup a.
Level detection and recording (LeDaR) technique
Measurements of the film thickness were made in the midspan plane of the test section. We used a technique initially developed at the von Karman Institute called the LeDaR [6] [7] [8] . As sketched in fig. 2 , this technique relies on a CCD camera synchronized to a laser sheet to record images of the illuminated interface. With a liquid appropriately seeded with a fluorescent dye, the interface appears as a curve of high luminous intensity. In this study, a CCD camera TSI PowerView 4M Plus with resolution 2048´2048 px was placed on the side of the channel, with The interface level was deduced from the images by applying an edge detection algorithm similar to the Sobel filter. A special kernel matrix was convolved to each image of the interface, it had the property to yield matrices with high positive values in places of high vertical gradient of luminous intensity, and low negative values in the opposite case. Since the interface appeared as a bright nearly horizontal curve on a dark background, the convolved matrices presented a positive peak just below the interface and a negative peak just above. The interface in each column was thus detected as the middle point between these extremes. Instead of the vertical Sobel kernel G y , the (9´3) kernel G y9 was used, eq. (1). It presented the advantage of being less sensitive to noise generated by laser reflexions. A threshold system was added in order to avoid processing columns of pixels lacking lighting. 
Verification of the LeDaR technique
The accuracy of the LeDaR technique was verified by comparing the measurements with the analytical solution of smooth stratified flows. This presented a particular difficulty: examination of the experimental data pointed out the systematic presence of an interface level gradient (ILG), i. e. the measured interfaces all had a slight downward slope of about a tenth of degree. This ILG is a phenomenon described and explained by Bishop and Deshpande [9] . According to them, the variation of channel resistance in a non-established flow is balanced by a gradual variation of the interface level. The momentum balance equations for a steady-state stratified flow with ILG were derived by several researchers [10] [11] [12] . Applied to a flow with ILG between parallel plates (as sketched in fig. 3 ), eq. (2) is obtained: 
where t g is the wall shear stress at the top wall, t 1 -the wall shear stress at the bottom wall, and t i -the interfacial shear stress. They are defined as t = rn| ¶u/ ¶y|, with ¶u/ ¶y evaluated at y = 0, h or H. U mg and U ml are the mean gas and liquid velocities, respectively. At the air outlet, the film thickness is equal to the critical thickness h c , which verifies r 1 g -
The usual method is to evaluate t i , t g , and t 1 from empirical correlations, and to compute dh/dx and h step by step, from the outlet to any abscissa in the channel. However, these empirical correlations were established either in pipes, or for larger holdup than here (see [13] for a review). Hansen and Vested [14] proposed a different approach, valid in ducts of rectangular section and in the configuration sketched in fig. 3 . They assumed that both the gas and liquid phases were in the turbulent regime, and that the Reynolds-averaged streamwise velocity followed a log law close to the walls and the interface. As a result, they expressed the streamwise velocity profile in each phase as the sum of two logarithmic functions:
Following their method, the coefficients a g,1 , b g,1 and c g,1 can be determined with conditions in the log law regions, assuming that the interface is like a moving wall of velocity U i : 
Conditions (5) to (8) 
Equations (9) and (10) express the mean phase velocities (whose values are known) as functions of the friction velocities and film thickness. Equation (11) is the equilibrium of shear stresses at the interface, which results in an equality between friction velocities. Combined with eq. (2), the system is closed and the film thickness as well as the velocity profile can be computed iteratively at any abscissa. Furthermore, this model can be adjusted in order to solve a laminar film sheared by a turbulent gas. The principle is to describe the streamwise velocity profile in water by a sum of linear and logarithmic functions. This is done by replacing eqs. (3), (5), and (9) by eqs. (12), (13) , and (14) in the described system:
U u y 
Both versions of this model were implemented as described in fig. 4 . Predictions are shown in fig. 5 ; they are in reasonable agreement with experimental data. It is not possible to give a ruling on the regime of the liquid film based on this work, although the absence of waves leads to think that the film is laminar. The small gap between measurements and predictions can be explained by 3-D effects not taken into account in the models. It could also come from assumptions on the shape of the velocity profile. In particular, the actual velocity profile should exhibit a flat region around the center of the gas phase, which is not the case in either version of the model.
Experimental results and discussion
Flow regimes
In this experiment, the Reynolds number based on the mean height and velocity of each phase varied from 0 to 1.16·10 5 in the air phase, and 69 to 271 in the water phase. Within this range, measurements were made for 24 configurations, and the flow pattern was determined visually for each run. The presence of fluorescein in the water highlighted the crests and troughs of the interface, making the characterization of the flow pattern easier. At null and low gas Reynolds number, the water film remained smooth; further increase in air velocity triggered the wavy stratified flow pattern. At the lowest liquid Reynolds number, 2-D waves were visible, but quickly broke into 3-D waves. The fan was not powerful enough to reach the Kelvin-Helmholtz or roll wave flow pattern that appears at the onset of atomization. Figure 6 plots the runs on the flow map of Mandhane et al. [15] , except for those at null gas Reynolds number. The agreement between the observed patterns and the flow map is poor, partly because the authors heavily relied on pipes of round section to establish their map. It is also known that the transition from smooth to wavy stratified is sensitive to inlet conditions and to the presence of an ILG (see [9] ), it is thus difficult to predict.
Statistic analysis
The LeDaR measurements gave 100 mm long sample records of the interface, and 100 images were taken for each runs. This yielded about 183000 points per run, which were used to calculate estimates of the mean film thickness h and RMS of the interfacial fluctuations h RMS . Results are presented in fig. 7 and 8 . Quite logically, h is a monotonic function of the liquid Reynolds number and decreases quasi linearly with increasing gas Reynolds number. h RMS also is a monotonic function of the liquid Reynolds number, which reflects that increasing the water flow rate results in a larger degree of freedom of the interface fluctuations. On the other hand, it seems that h RMS reaches a threshold value at high gas Reynolds number. These results only partially agree with those of Lioumbas, et al. [3] who reported a peak of h RMS at the onset of the 2-D wavy stratified flow pattern. The fact that we did not observe this peak may come from an insufficient number of runs in the investigated range, or from the difference in experimental conditions such as pipe section, inclination and phase velocities.
Spectral analysis of the interface
For each run with a wavy interface, we computed the power spectrum (PS) of the signal formed by lining up all of the LeDaR sample records. The so-called "Welch's Overlapped Segmented Average" method [16] was used; results are given in figs. 9 to 12. 2-D wavy stratified flows always produce a broad peak, from which the dominant spatial frequency is extracted. As seen in tab. 1, this frequency increases with the gas Reynolds number. 3-D wavy stratified flows fig. 12 can be considered as the onset of 3-D waves: a peak of energy is still visible around v i = 100 m -1 , but at the same time an increase of energy appears at lower frequencies. The PS gave us a global information about the interface, nevertheless a better understanding of the simultaneous transport of high and low frequency waves came with a direct study of the LeDaR measurements. Four mechanisms were identified, each of them is illustrated in figs. 13 to 16.
-In 2-D wavy stratified flows, the wavelength is not constant but smoothly varies around a dominant value. This small oscillation seems random and therefore could be due to turbulent fluctuations in the velocity field. It explains why the PS of 2-D wavy stratified flows present a broad peak instead of a sharp one. -Two waves that follow each other can merge into a larger one. This mechanism occasionally occurs in both 2-D and 3-D wavy stratified flows, and is another factor of spreading of the spatial frequency bandwidth. -The spanwise dimension of 3-D waves is obviously smaller than the width of the channel. In some of the 3-D wavy stratified flows, the waves are approximately of the same dimensions but their midspan planes are not coinciding, so that the measurements reveal small waves stuck between large ones. -One or more ripples can move on the crest of a larger wave, or in the trough between two large waves. This phenomenon occurs more often when increasing the gas Reynolds number. A final observation is made from the LeDaR measurement: all the sample records show that the waves are limited to the upper layer of the film. Even for h »15 . mm, there is always an undisturbed substrate of at least 1 mm. This suggests that, even for a very disturbed interface, there exist a near-wall zone in the film where transfers by conduction may be predominant.
Conclusions
The interfacial characteristics of a horizontal stratified air-water flow were investigated experimentally in a duct of 200´400 mm section and with a small holdup. The interface was visualized and measured in the midspan plane with the LeDaR technique. This particular method was first assessed for smooth stratified flows, it then revealed an ILG due to the relatively large dimensions of the channel. It was also found that the h RMS was a monotonic function of the liquid Reynolds number, but seemed to reach a limit value at high gas Reynolds number. A spectral analysis showed that both the 2-D and 3-D wavy stratified flow patterns had a large spatial frequency bandwidth, although a dominant frequency could be found for 2-D waves. With the LeDaR sample records, four mechanisms were found to contribute to the spreading of the spatial frequency bandwidth. When they occur simultaneously, the interface results in a seemingly disorganized signal. As a consequence, the understanding of heat and mass transfer through this kind of wavy films could benefit from an accurate CFD modeling. In this respect, the results of this paper could very well be used as experimental reference for validation purpose. Subscripts g -in the gas phase l -in the liquid phase i -at the interface ig -at the interface, on the gas side il -at the interface, on the liquid side
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